During protein folding in which few, if any, definable kinetic intermediates are observable, the nature of the transition state is central to understanding the course of the reaction. Current experimental data does not distinguish the relative contributions of side chain immobilization and dehydration phenomena to the major rate-limiting transition state whereas this distinction is central to theoretical models that attempt to simulate the behavior of proteins during folding. Renaturation of the small proteinase inhibitor cystatin under oxidizing versus reducing conditions is the first experimental case in which these processes can be studied independently. Using this example, we show that sidechain immobilization occurs downstream of the major folding transition state. A consequence of this is the existence of states with disordered side chains, which are distinct from kinetic protein folding intermediates and which lie within the folded state free energy well.
W
hether a protein folds in a single step or through a rapidly formed, transient intermediate, it is accepted that states observed on the unfolded side of the rate-limiting transition state have disordered side chains and are relatively hydrated. After traversing the barrier, states on the folded side are highly compact and have well defined (frozen) side chain orientations (1) (2) (3) (4) . Hence, irrespective of whether a folding reaction is two-state or three-state, the transition from non-native to native states involves the removal of water and the exchange of highly favorable packing interactions for side chain conformational entropy. However, we know little about the relative contribution of these processes to the rate-limiting barrier, making this a subject of lively debate (5) (6) (7) . Here, we present an analysis of the folding behavior of chicken cystatin (a 116-amino acid analog of human cystatin C containing two disulfide bonds; see Fig. 1 A) that challenges the idea that the phase transition of side chains from mobile to near crystalline conformations within the protein interior is necessarily an integral component of the major refolding transition state.
Materials and Methods
Protein Preparation. Recombinant cystatin (molecular weight 13,100) was expressed in Escherichia coli by using the pIN-IIIOmpA system and was purified from a periplasmic extract by papain affinity chromatography (11) . Protein concentration was determined by using an extinction coefficient (12) 280 nm ϭ 11,410 M Ϫ1 ⅐cm
Ϫ1
. The protein was stored in 25 mM Tris⅐HCl buffer (pH 7.0) at 4°C in the presence of 1 mM sodium azide. Reduction of both disulfide bonds was obtained by maintaining the ratio of DTT to protein Ͼ100 (13) .
Equilibrium and Kinetic Data Analysis. The variation of data with GdnHCl concentration are plotted as a function of denaturant activity rather than concentration to take into account the nonlinear dependence of the free energy of folding with GdnHCl, as described (14-16). GdnHCl unfolding curves could all be described by a single equilibrium transition, which is classically fitted to an expression of the type:
where ⌬G D is the change in free energy of folding observed at an activity, D, of denaturant, ⌬G w is the change in free energy of folding in water (or the stability of the protein in water), and m is an empirically derived parameter proportional to the change in solvent exposure during the transition (14, (17) (18) . ⌬G D is derived directly from experimental data using:
where S is the observed signal at an activity of denaturant D (fluorescence intensity or 222 nm ), S U is the signal of the unfolded form, S F is the signal of the folded form. Sloping baselines for F and U that change independently of the folding transitions under study were corrected by using ref.
. Kinetic data were fully described by a three-state reaction scheme (U 7 I 7 F). Rate profiles [observed rate constant for folding͞unfolding (k obs ) versus denaturant activity] were fitted by using ref. 14:
where k FϪI(D) 
where the m parameters are related to those observed at equilibrium, in that they describe the compactness of each of the states U, I, ‡, and F (where ‡ is the transition state), but, in this case, F is the reference state. These values were then normalized The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
with respect to the unfolded state (where m U ϭ 0) for the purposes of the analysis presented here.
Results and Discussion
Reduction of the two disulfide bonds of cystatin (see Fig. 1A ) leads to the formation of a stable, highly compact molten globule. The near-UV CD spectrum of the folded oxidized protein (F ox ) shows a negative ellipticity in contrast to the folded reduced form (F red ), which has lost all ellipticity in this region, indicating that the environment of side chains contributing to this region within the F red state is rotationally averaged (Fig. 2A) . The far-UV CD spectrum of the two forms of the protein (Fig.  2B) , which reports the conformation of the amide backbone, demonstrates that the secondary structure is largely maintained after both disulfide bonds are broken. Analysis of the relative compactness of F red compared with F ox by size exclusion chromatography shows that the reduced protein remains as compact as the oxidized protein (Fig. 2C) . Thus, reduction of the disulfide bonds is sufficient to cause ''melting'' of the side chains whereas compactness and secondary structure are retained. This conclusion is supported by 1 H-NMR spectroscopy (Fig. 1B ). The oxidized protein shows a well dispersed spectrum characteristic of a native state whereas reduction leads to a loss of dispersion. Resonances belonging to residues throughout the molecule are shifted away from their original positions. The resulting spectrum shows that side chains have become mobile across the whole volume of the molecule, a feature that is characteristic of a molten globule state (20) . Interestingly, despite the loss of fixed contacts between residues, the reduced protein retains high solubility and unfolds through a distinct, sharp, and fully reversible equilibrium transition (Fig. 3) . A comparison of the free energy of folding of the reduced and oxidized proteins gives values of Ϫ7.8 and Ϫ15.6 kcal⅐mol Ϫ1 , respectively. Moreover, the m values for these transitions, which represent the extent of solvent exclusion during folding, are very similar ( Table 1 ), implying that the reduced, folded state is almost as compact (m (F͞U)red ͞m (F͞U)ox ϭ 0.8) as the native oxidized state. The changes in tryptophan fluorescence on guanidinium denaturation are also indicative of conformational similarity between F ox and F red . In both cases, there is an increase in indole fluorescence intensity on unfolding, showing that in F ox and F red the indole group has a similar quenching environment ( Fig. 2 D and E) .
Having established that the two folded states differ mainly in the mobility of side chains and reversibly interconvert with the unfolded form, we can then compare the rates of formation and decay of these different end-states. To this end, the kinetics of folding and unfolding were measured as a function of the final activity of denaturant (as shown in Fig. 4A ), allowing us to extract all kinetic parameters (listed in Table 1 ). We fully expected reduced cystatin to fold and unfold on a much more rapid time-scale than the oxidized form because of the lack of a requirement to dock the side chains within a crystalline core. Kinetic measurements of one of the best defined folding reactions, that of apomyoglobin, have illustrated this point by reporting rate constants on the microsecond scale for U3I kin (21) (22) (23) . In contrast, the folding rates of the two forms of cystatin in the absence of denaturant occur on similar time-scales; in fact, the reduced protein folds to the molten globule state slightly more slowly than its oxidized counterpart folds to the native state. [Slow folding to molten globule states has to our knowledge only been reported thus far for one other species, the A-state of cytochrome c (24) .] Moreover, the diagram in Fig. 4B reflects the remarkable similarity in the thermodynamic properties of both the kinetic intermediate (I kin ), which gives rise to the roll-over in the kinetic plot, and the transition state through which the two forms of the protein pass on refolding. It should be noted that the energy profile for the oxidized state has been modified to account for the entropic cost of the two disulfide bonds. This requires raising the free energy of the unfolded reference state according to the calculation of chain entropy described in the legend.
The formation of this intermediate must occur within the dead time of the stopped-flow apparatus because, at all times, only a single refolding transient is measured (an example is shown in the inset to Fig. 4A ). No significant burst phase amplitude is observed on folding, suggesting that I kin is spectroscopically silent with respect to U under these conditions. According to the m value U 7 I kin 7 F Scheme 2:
In the first scheme, I kin is a productive intermediate that serves as the ground state from which the rate-limiting transition state is acquired. By contrast, Scheme 2 defines I kin as a misfolded and off-pathway species. In this case, the rate-limiting step in folding results from a combination of breaking non-native interactions to create a more unfolded ground state, followed by a slow conversion to the folded state (25) (26) (27) . In the case of cystatin, the former scheme is favored. As discussed previously (28), if I kin had to be unfolded before the chain could fold (Scheme 2), the rate of conversion from U to F would be untenably large:
. This rate is commensurate with the fastest measured propagation of an ␣-helix and is unlikely to be applicable to the formation of a complex ␣͞␤ protein such as cystatin. Similar arguments have been used to demonstrate that I kin states of IL-1␤ (29) , N-PGK, (30) and pseudoazurin (31) are also on-pathway. In addition, the I kin state is a nonrandom distribution of conformations. If the intermediate state constituted an ensemble of randomly col- For Fox, conditions were 25 mM Tris⅐HCl (pH 7.0). F red was refolded from a denaturing solution of 5.6 M GdnHCl and 100 mM DTT in 25 mM Tris⅐HCl (pH 7.0) by a five-fold dilution into 25 mM Tris⅐HCl (pH 7.0). (B) Far-UV CD spectra after a 10-fold dilution of the solutions above with water. The ratio of reducing agent to protein is maintained at 200:1, and all buffers were degassed to prevent any reoxidation. (C) Molecular volumes were evaluated using an Biosep-sec 3000 HPLC column (Phenomenex, Torrance, CA). Proteins were injected at a concentration of 100 M. Fox and Fred both elute with an apparent molecular weight of 15,000 [50 mM phosphate buffer (pH 7.0) Ϯ 20 mM DTT], and U ox and Ured elute with apparent molecular weights of 50,000 and 59,000, respectively (as above with 6.5 M GdnHCl). In D and E are represented the fluorescence spectra of oxidized and reduced cystatin, respectively, in both their folded and unfolded states. The presence of DTT in the reduced samples prevents the direct comparison of oxidized and reduced spectra. However, peak wavelengths ( max) of 345 and 350 nm can be reported for folded and unfolded species, respectively, in both oxidizing and reducing conditions. The fluorescence intensity of the tryptophan residue in F ox and Fred is quenched with respect to unfolded states suggesting exposure to a specific polar residue. Conditions are as detailed in the legend to Fig. 3. lapsed chains, then the entropic penalty for introducing disulfide bridges into the molecule would be approximately the same as on the fully unfolded, random population (U ox is destabilized by Ϸ2.3 kcal⅐mol Ϫ1 compared with U red , as illustrated in Fig. 4B) . Hence, the effect of disulfides bonds on the relative stability would be small. In reality, the increase in the stability of I kin is similar in both the oxidized and reduced forms and thus is close to that expected for a state in which the backbone of the polymer is completely ordered in I kin but random in U (32).
More intriguing is the close similarity in the size of the major transition state barrier in the reduced and oxidized species. In the case of oxidized cystatin, two processes occur as I kin is converted to the folded state; water must be removed and side-chains must acquire rigid and precise packing. In the case of folding the reduced protein, side-chain immobilization is not achieved, yet the barrier height is the same. One possibility is that the folding barrier for both oxidized and reduced protein results from their progression during refolding to similar thermodynamic traps that require some unfolding to escape. In such circumstances, however, the m values of the transition should be markedly less than those of the kinetic intermediates. This is not observed experimentally (28) . The inescapable conclusion is that the major contributor to the folding barrier is the removal of water. To some extent, the conclusion is consistent with value analysis that reveals that ‡ even for core residues averages Ϸ0.4 and rarely exceeds 0.7 (33) . If precise and fixed interactions between side chains were a feature of the transition state, then one would expect values to be higher if only for a nucleus of core residues. However, ‡ values are entirely derived from the relative effect of mutations on the rates of folding and unfolding. Hence, this type of analysis defines the degree of native contact energy acquired by a specified side chain in the transition state. It does not distinguish whether, for instance, high ‡ values are attributable to a high degree of local desolvation or the fixing of local side chain contacts in a native-like conformation.
Moreover, thermodynamic analysis shows that the transition from kinetic intermediate to the rate-limiting transition state is enthalpically unfavorable but entropically favorable (34, 35) . The entropic stability of the transition state is consistent with the necessity to desolvate the core of the protein before the interior side chains can be docked. In passing from the transition state to the folded state, the situation is reversed; an entropic penalty paid by side-chain immobilization is outweighed by the enthalpic contribution. Although the characteristics of this last phase of folding can be partially explained by the exchange of favorable van der Waals interactions for the unfavorable fixing of side chain conformation, the high enthalpy of the transition state barrier is more mysterious. It has previously been attributed to the protein chain reaching a critical stage of dehydration in which water molecules are trapped in environments in which they cannot bond either to groups on the protein or to other water molecules in bulk solvent (34) . This interpretation of the role of water in providing a high enthalpic barrier to the folding process is fully consistent with the theoretical dehydration model of Rank and Baker (36) and with the physical phenomenon we describe here. The results above indicate that complications introduced into such interpretations by a requirement to consider side chain immobilization are unnecessary. Side chain immobilization occurs downstream of the major transition state. 
The free energies of folding, ⌬Geq(F͞U), of both oxidized and reduced cystatin in the absence of denaturant are shown together with the m eq(F͞U) values and the activity of GdnHCl at the midpoint for unfolding, c1͞2. These values represent best fits to the data with the lowest deviation and always fell within the uncertainty of parameters calculated from less precise data. Also shown are folding and unfolding rates for the rate-limiting step I kin 7 F observed for both oxidized and reduced cystatin, the deduced values of Fluorescence emission was measured with a Hitachi F-4,500 spectrofluorimeter between 300 and 410 nm by using an excitation wavelength of 290 nm (slit widths were 5 nm on both excitation and emission, 25°C). Final protein concentration was 5 M in 50 mM Tris⅐HCl (pH 7.0). Buffers for the reduced proteins all contained 20 mM DTT. (B) Far-UV CD spectra were measured as described for Fig. 2 . The data were fitted to Eq. 1, and values determined for ⌬G eq(F͞U) and meq(F͞U) are listed in Table 1 . . This solution was then refolded as for Fox. Unfolding was also carried out in two steps. A 100 M stock protein solution in 5.6 M GdnHCl was diluted 20-fold, with 50 mM Tris⅐HCl (pH 7.0), before unfolding as for F ox. Fresh Fred was made every 20 min. All solutions contained 20 mM DTT. All experiments were carried out at 20°C. The data were fitted to Eq. 3, and the parameters determined are listed in Table 1 . The inset to A shows typical unfolding and refolding transients. (B) A free energy plot for the folding reactions of both F ox (E) and Fred (ᮀ) is shown in which the reaction coordinate is the m values of the different states relative to the unfolded state. The plot representing folding in oxidizing conditions is offset vertically with respect to that in a reducing environment to account for the destabilizing effect of the disulfide bonds on U ox. Using the free energies of folding of cystatin in the reduced and oxidized states, and the redox potential measured in the folded state (Ϫ5.5 kcal⅐mol Ϫ1 ; results not shown), the resulting thermodynamic cycle provides a value of ϩ 2.3 kcal⅐mol Ϫ1 for the free energy of Uox with respect to Ured. In agreement with this, a destabilization of ϩ2.1 kcal⅐mol Ϫ1 was obtained from a theoretical calculation of the entropic effect of introducing a cross-link in a random coil polymer (32) . (C) A schematic representation of the nature of the states identifiable in the refolding profile is shown. Hydrophilic side chains are shaded in purple, and hydrophobic side chains in green. When conditions favor folding, the protein initially buries many of its hydrophobic residues and forms secondary structure. Such species appear to be significantly native-like in fold topology (28) . To bury further hydrophobic side chains, the protein has to expel many of the remaining water molecules, and can only do this at a high enthalpic cost through a transition state that contains structurally constrained water molecules as described (36) . Moreover, once past the transition state, rigid packing interactions are only formed when the entropic cost for this immobilization is adequately compensated.
